Although the major pathological feature of chronic mitral valve disease is mitral regurgitation, myocardial dysfunction has been suggested to be present in dogs with chronic mitral valve disease.
INTRODUCTION
Canine chronic mitral valve disease is a progressive disease, characterized by a long preclinical period, which makes it difficult to predict the onset of congestive heart failure. 1 Although the major pathology of this disease involves mitral regurgitation, due to valve degeneration, myocardial dysfunction has been suggested in dogs with chronic mitral valve disease. 2 Assessment of myocardial function by widely used parameters, such as fractional shortening and transmitral profiles, is limited due to their dependency on loading conditions; Yun-Hye Kim and Gum-Joo Choi contributed equally to this study as co-first authors.
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c 2018 The Authors. Veterinary Radiology & Ultrasound published by Wiley Periodicals, Inc. on behalf of American College of Veterinary Radiology these parameters can reflect both volume overload and myocardial alteration. 3, 4 Of many parameters indicating left ventricular function, peak rates of left ventricular pressure rise and fall (dP/dt and -dP/dt), and the relaxation time constant, have been considered to be accurate methods for evaluating myocardial function. 5, 6 These parameters can be measured from the left ventricular pressure curve that is obtained by cardiac catheterization with micromanometer catheters. The maximal rate of change of left ventricular pressure during early systole and early diastole are important indicators of left ventricular function. 7 They reflect ventricular contractility and relaxation, respectively, and reduced values of these parameters would represent impaired left ventricular function. 8, 9 However, their widespread use in clinical practice is limited, due to the invasive nature of the measurement procedure and the need for expensive equipment. In contrast, Doppler-derived dP/dt and -dP/dt can be evaluated noninvasively and are less loaddependent than fractional shortening in humans 10 ; these parameters are measured from mitral regurgitant flow during isovolumic phases, using continuous-wave Doppler echocardiography. 11 Furthermore, a close correlation between dP/dt and -dP/dt as assessed by the Doppler method and by catheterization has been documented. 5, 12 Although several studies have reported on left ventricular dP/dt, determined by using catheterization or Doppler echocardiography, in human and experimental canine models, few studies have been conducted in dogs with spontaneous chronic mitral valve disease. 8, 11 Therefore, the aims of this study were to (1) investigate whether Doppler-derived left ventricular dP/dt and -dP/dt differ among dogs with spontaneous chronic mitral valve disease at different stages of congestive heart failure, (2) determine the correlation among variables of conventional echocardiography and Doppler-derived dP/dt anddP/dt, and (3) determine the usefulness of Doppler-derived dP/dt and -dP/dt as potential of predictors of congestive heart failure due to chronic mitral valve disease. We hypothesize that Doppler-derived dP/dt and -dP/dt decrease in advanced stages and well correlated with traditional parameters of left ventricular function, and may be useful parameters to predict risk of heart failure.
METHODS

Animals and procedures
The study was a prospective, analytical, cross-sectional design. Clientowned dogs, presented at the Animal Medical Center of Chonbuk National University for cardiac screening, were recruited. The study was approved by the Institutional Animal Care and Use Committee of Veterinary Medicine at Chonbuk National University. We obtained informed consent from the owners of the dogs included in our study. 
Conventional echocardiography and Doppler examination
All examinations were conducted in unsedated dogs using an ultra- 
Doppler-derived dP/dt and -dP/dt measurements
Statistical analysis
Statistical analyses were carried out by one of the authors (G.C. 
RESULTS
Four dogs were excluded due to other diseases, including diabetes mellitus and neoplasia; therefore, a total of 55 dogs with chronic mitral valve disease were included in this study. International Small Animal Cardiac Health Council class I a and I b were combined as class I. The breed and sex distributions are summarized in Table 1 . Age and body weight did not differ among the groups ( Table 2 ).
The ratio of the left atrial diameter to the aortic root diameter increased with advancing stage (P < 0.001). Peak velocity of transmitral early diastolic wave and the ratio of the transmitral peak velocity of the early diastolic wave to the transmitral peak velocity of the late diastolic wave were significantly greater in dogs of class Ⅲ b than in dogs of other classes (P = 0.001 and P < 0.001, respectively). Fractional shortening in dogs of class Ⅲ a was higher than in dogs of other classes (P = 0.006). The results of echocardiographic variables of the study population are shown in Table 2 . There were significant differences in Doppler-derived dP/dt and -dP/dt among the four groups overall (P = 0.031 and P = 0.006, respectively). Doppler-derived dP/dt was greater in dogs of class Ⅲ a than in dogs of class I and class II (P = 0.021
and P = 0.015, respectively), whereas it was decreased in dogs of class
Values of -dP/dt were significantly decreased in dogs with advancing stages of congestive heart failure (P = 0.006). Doppler-deriveddP/dt in dogs of class Ⅱ was significantly lower than in dogs of class I (P = 0.008) (Figures 2 and 3 ).
Doppler-derived dP/dt was significant negatively correlated with -dP/dt, the end-systolic left ventricular internal diameter, and the end-diastolic interventricular septal wall thickness (P < 0.001, P = 0.043, and P = 0.013, respectively), whereas it was positively correlated with the ratio of the left atrial diameter to the aortic root diameter and the ratio of the transmitral peak early diastolic velocity to the transmitral peak late diastolic velocity (P < 0.001 and P = 0.003, respectively). Furthermore, -dP/dt was negatively correlated with the peak velocity of the mitral early diastolic wave (P = 0.031, Table 3 ).
The Doppler-derived dP/dt and -dP/dt, the ratio of the left atrial diameter to the aortic root diameter, peak velocity of the early dias- (Table 4) . Decreased left ventricular -dP/dt and an increased peak velocity of the transmitral early diastolic wave were related to clinical signs of congestive heart failure.
DISCUSSION
This study demonstrated that mean Doppler-derived dP/dt and -dP/dt values significantly differed among dogs with spontaneous chronic mitral valve disease across different stages of congestive heart failure. normal range or is increased, although the myocardial contractility is impaired. 18 In this study, fractional shortening was greater in dogs of class Ⅲ a than in dogs with of other classes, and all dogs with chronic mitral valve disease had a fractional shortening within the normal range, as shown in previous studies of humans. 3 For this reason, the use of fractional shortening alone has been considered to have limitations in terms of evaluating systolic function, primarily due to its loaddependency. 3 Doppler-derived dP/dt and -dP/dt are indicative of ventricular contractility and relaxation, respectively, which reflect depressed ventricular systolic and diastolic function when they decreased. 8, 9 They are less affected by loading conditions and therefore represent more sensitive methods for detecting ventricular systolic and diastolic dysfunction than transmitral profiles and the ejection fraction. 10, 19 Previous studies evaluating dP/dt and -dP/dt by the Doppler method have documented their potential as prognostic indicators, 17 postoperative prognostic factors, 8 and predictors of cardiac events 20 in humans. In addition, left ventricular dP/dt was found to be useful for detecting early myocardial dysfunction in patients with chronic mitral regurgitation in humans. 21 Furthermore, Doppler-derived dP/dt and -dP/dt have been reported to correlate with peak dP/dt and -dP/dt by a catheter method in a number of previous studies of humans Notes. *P < 0.05, **P < 0.01. dP/dt, rate of left ventricular pressure rise; -dP/dt, rate of left ventricular pressure fall; E, early diastole; E/A, the ratio of the transmitral peak velocity of the early diastolic wave to the transmitral peak velocity of the late diastolic wave; IVSd, interventricular septum thickness at end-diastole; LA/Ao, the ratio of the left atrial diameter to the aortic root diameter; LVIDs, end-systolic left ventricular internal dimension. 
TA B L E 4 Binary logistic regression analysis between International
Notes.
* P < 0.05, ** P < 0.01. dP/dt, rate of left ventricular pressure rise; -dP/dt, rate of left ventricular pressure fall; E, early diastole; FS, fractional shortening; LA/Ao, the ratio of the left atrial diameter to the aortic root diameter. and dogs, with mitral regurgitation ranging from mild to severe. 5, 22 Nevertheless, this Doppler method has rarely been applied to dogs with spontaneous chronic mitral valve disease for the prediction of congestive heart failure. dP/dt is an isovolumic phasic measure indicating left ventricular systolic function. In this study, Doppler-derived dP/dt was significantly increased in dogs of class III a , as compared with those of classes I and II, whereas it was decreased in dogs in end-stage heart failure.
In previous studies, preserved systolic function has been reported even in dogs with chronic mitral valve disease at advanced stages. 7, 23 Furthermore, a myocardial compensatory response has typically been reported in patients with spontaneous chronic mitral regurgitation and moderate heart failure. 24, 25 Increased myocardial contraction plays an important role in maintaining cardiac output in patients with mitral regurgitation, which increases preload and decreases afterload. Consistent with these previous studies, our finding might reflect a compensatory mechanism of the left ventricular myocardium, although compensatory movement was found at more advanced stages in the current study, rather than at moderate stages as shown in previous studies 26 The dP/dt was decreased in dogs of class Ⅲ b , to values lower than those of dogs of class I. This result might indicate limited compensatory ability by end-stage heart failure. Thus, increased dP/dt may allow determination of the presence of a compensatory mechanism in the myocardium of dogs with chronic mitral valve disease.
Another possible explanation for the increased dP/dt in advanced stage heart failure is that it reflects the hemodynamic consequences of mitral regurgitation. All dogs in this study had chronic mitral regurgitation, indicating a higher preload and lower afterload as the disease progressed. Although dP/dt is less load-dependent than transmitral indices and fractional shortening, it is somewhat subject to the influence of preload because left ventricular dP/dt is an index of the preejection phase of systole. 8 In a study in humans, it was suggested that normal and increased dP/dt can be observed even at advanced stages of congestive heart failure, because of the increased preload. 27 Peak dP/dt has also been demonstrated to be influenced by heart rate. 9, 28, 29 Enhanced sympathetic tone is one of the main pathophysiological changes in chronic mitral regurgitation, leading to an altered heart rate. However, there was no correlation between dP/dt and heart rate in this study.
Despite the possibility of its usefulness for understanding compensatory mechanisms of the myocardium in response to an increasing volume, we found no definitive advantages for using Doppler-derived dP/dt for detecting early myocardial dysfunction over those of using fractional shortening.
In humans, diastolic function is a key factor in deciding the timing for surgery and for predicting postoperative prognoses in patients with chronic mitral regurgitation. 30, 31 Left ventricular diastolic dysfunction has been suggested to be an early manifestation in patients with heart failure, which may result in symptoms of congestive heart failure despite a preserved systolic contractile state. 31, 32 In the current study, Doppler-derived -dP/dt decreased with International Small Animal Cardiac Health Council class. Interestingly, Doppler-derived -dP/dt in dogs of class Ⅱ was lower than that of dogs of class I.
Diastolic dysfunction was found even in early-stage heart failure, although systolic dysfunction was not detected based on dP/dt or fractional shortening. These findings are consistent with previous studies, which hypothesized that diastolic dysfunction precedes systolic dysfunction in patients with chronic mitral regurgitation. In addition, this study may extend the findings of previous studies to indicate the possibility of the presence of latent dysfunction in the subclinical stage.
The close correlation between diastolic dysfunction and congestive heart failure may be mainly due to left atrial remodeling in the presence of chronic mitral regurgitation. Left atrial structural and functional remodeling has been demonstrated to be closely related to cardiovascular symptoms. 33 Indices of left atrial size, volume, and function are regarded as potential prognostic factors. [34] [35] [36] In this study, the LA/Ao ratio correlated with congestive heart failure in univariate analysis. However, in multivariate analysis, Doppler-derived -dP/dt and peak velocity of the early diastolic wave were identified as independent factors affecting symptoms of heart failure.
In human studies, the usefulness of Doppler-derived dP/dt and -dP/dt for predicting atrial fibrillation and survival have been reported. 17, 20 This study has several limitations. First, this study evaluated dP/dt and -dP/dt noninvasively by using continuous-wave Doppler. Although the correlation between Doppler-derived dP/dt and peak dP/dt as determined by catheterization has been well demonstrated in previous studies, the most accurate values of peak dP/dt and -dP/dt are derived by invasive cardiac catheterization. Moreover, dP/dt anddP/dt determined using a Doppler-derived method are averaged values, which usually underestimate peak dP/dt and -dP/dt. Second, in the Doppler-derived method, a well-delineated velocity spectral envelope from mitral regurgitation is mandatory for obtaining accurate measurements. We performed careful echocardiographic examination, in which the ultrasound beam was aligned parallel to the velocity vectors at the orifice of regurgitation, to prevent underestimation of the pressure gradient. Finally, this study employed a small population and a relatively short study period. Further investigation of a larger population of dogs with chronic mitral valve disease is thus warranted.
In conclusion, Doppler-derived dP/dt and -dP/dt significantly differed among different stages of congestive heart failure by myxomatous mitral valve degeneration. Our study suggest that Dopplerderived -dP/dt may be a useful tool for early detection of diastolic dysfunction even in the subclinical stage, which shows advantage over transmitral inflow or E/Em ratio. Furthermore, Doppler-deriveddP/dt, used in combination with the peak velocity of the early diastolic wave, could predict the risk of congestive heart failure in dogs with 
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